A turbulent boundary layer with large density variations has been generated by tangential injection of air or helium Into a boundary layer of air-helium mixture. Instrumentation based on thermoanemometry has been successfully developed for the investigation of this flow Analysis or the mean and fluctuating density fields shows that the flow is mainly governed by the ratio of the injection to the external velocity and that the density ratio plays a secondary role in the mixing processes. However, a sight enhancement of turbulent activity is observed when helium is injected.
1-AIM OF RESEARCH
Turbulent boundary layers with large density variation occur in the presence of large temperature differences between the wall and the outer flow as on the space shuttle during re-entry into the atmosphere or the turbine blades cooled by tangential injection. Accurate predictions of heat transfer which are crucial for design purposes raise the question of the influence of differences on turbulent transport properties. Only few studies have been devoted to detailed investigations of turbulent quantities in such flows [1] [2] [3] and some results published therein seem, moreover, questionable (e.g. the very high values of normal velocity fluctuation intensity near the wall in a helium/air boundary layer obtained by Larue and Libby) . In these investigations, wall quantities such as skin friction and heat transfer coefficients were not measured and there is no information available on the effects of large density variations on the transport properties very near the wall. In particular in computations, the question of wall boundary conditions arises for density fluctuations. In the heat transfer problem, there exists a complex wa1l-flow interaction and, due to unsteady conduction into the wall, the temperature fluctuations at the wall are not necessarily zero [4] . In the mass transfer case, the condition of impermeable wall implies: 0 ) ( 0 ) ( The aim of the present experimental investigation is to contribute to the knowledge and understanding of effects of large density variations on turbulent wall flows, in particular of possible effects on density fluctuations on the skin friction at the wall. Instrumentation derived from the original work of Way and Libby [5] has been developed for simultaneous measurements of turbulent density/velocity fluctuations in the flow or density/shear stress fluctuations at the wall. 
2.1-Experimental arrangement
Density differences in the boundary layer are generated by injecting either air or helium parallel to the wall (Fig.1 ) in a way similar to the experiment of LaRue and Libby (referenced LR-L hereafter). More precisely, the external flow is tripped boundary layer of air-helium mixtures (velocity U, density ) and laminar jet flow (bulk velocity Uinj, density inj) is injected tangentially through as slot located at x = 577 mm from the leading edge of the upper plate. The injection slot width (e =3 mm) and the external density ( = 1.0 kg/m 
2.2-Flow conditions
The parameters of the flow are: -The Reynolds number of the injected fluid at the slot exit : Re = Uinj e/vinj -The density ratio S = ρinj /ρ -The velocity ratio r = Uinj / U The mass flow ratio rm (=Sr ) and the momentum ratio rM (=Sr 2 ) are deduced from the preceding parameters. In order to investigate the influence of flow conditions on development of the boundary layer, different experiments (table 1) have been performed. Experiments 1 and 2 correspond to a constant r value : r = 0.345, whereas injection of helium in experiment 3 and injection of air in experiment 4 correspond to the same rM (0.035).
Most measurements have been performed in the conditions of experiment 1. The boundary layer thickness defined as the value of y corresponding to 
2.3-Instrumentation
Measurements of longitudinal velocity U, wall shearstress τ and density ρ are performed via hot-wire/film anemometry and aspirating probes based on the hot-wire sensitivity to velocity and density. U and ρ are obtained with a hot-film/hot-wire interfering probe similar to that used by LR-L (Fig. 2) . It was found that, contrary to the LR-L configuration, the separation of U and ρ in the response of the two sensors over an extended range of flow conditions is much butter when the upstream wire is at higher temperature than the downstream film. Indeed, the thermal power exchanged by convection between the hot wire and the out-flow depends on the temperature that is imposed by the anemometer and the thermal field in which it is emerged. This last is bound directly to the overheating temperature of the film. The extension of the thermal field toward the upstream can be characterized by a typical length ξ. In first approximation, this length is determined by a balance between the convection (velocity U) and the longitudinal heat diffusion in the fluid (thermal diffusity of the mixture α). One has then:
The film, by its proximity, influences therefore the wire response. On the other hand, because of the weak size of the wire and its moderate overheating, this one doesn't affect the response of the film. In homogeneous boundary layer which develops on the plate, the profiles of the longitudinal mean velocity and of its turbulent intensity measured with such a probe are in good agreement with other data [6] . The density at the wall W is measured directly by an aspirating probe which is insensitive to velocity fluctuations and the skin friction is given by a flush-mounted hot-film located in the same section (Fig. 3) .
In the present arrangement, the hot-wire is placed at the entrance of the suction orifice. This improves the timeresponse of the probe (an estimation from concentration spectra indicates a response time less then 10 ms). The aspirating probe presents, however, the drawback of integrating the density over a volume of the order of 1 mm. Moreover, the 9 mm distance between the two sensing elements corresponds to z +  100 (z
comparable to the span wise distance between longitudinal vortices. A new probe was, therefore, developed for the 
2.4-Comparison between the different probes

3-RESULTS
The flow evolves rapidly from an inhomogeneous wall jet-boundary layer combination to a boundary layer with moderate density variation. Detailed results on the mean velocity and density fields are given in Ref. [7] [8] [9] [10] [11] [12] .
3.1-Mean velocity and density profiles
The mean velocity profiles at the initial section result from the superposition of a turbulent boundary layer and of a parabolic channel flow profiles and they evolve toward an asymptotic state. The boundary layer thickness  is almost constant along the test section. It is found that the U -profiles are little affected by S at r constant. Injection of helium gives slightly higher velocities near the wall (for 4 . 0 /  δ y ) in the region of developed flow (x/e >20). It follows that the friction velocity uτ determined by adjustment of the log law to the present U -profiles is 10% higher for injection of helium. Profiles drawn with inner variables near the wall for the tow values of S.
The development of the wall jet gives rise to a concentration-boundary layer imbedded in the much larger boundary layer which has grown from the leading edge of the upper plat. The mean density has been normalized by the local density difference between the wall and the external flow 
3.2-r.m.s of turbulent velocity and density fluctuations
Near the wall, the turbulent activity is enhanced by injection of helium. For y/δ < 0.2, the velocity fluctuation level increases much more rapidly during the development of the wall jet for S = 0.16 than for S =1. 
3.3-Wall measurements
The following results concerning density have been obtained with the wall aspirating probe.
3.3.1-Mean density
The density difference Δρ between the wall and the external flow has been normalized by is initial value:
. It can be interpreted as an effectiveness factor η, referring to the problem of turbine blade cooling. After a transition region, η decreases as (x/e) -0.8 for all the cases tested (Fig. 8a) . this behavior is in agreement with other experiment [13, 14] . Comparison of experiment 1 and 2 shows that Reynolds number has little effect on the decrease of η and that injection of helium gives rise to a slightly faster development of the wall jet when r is kept constant. On the contrary, η decreases much faster for injection of air when rM is kept constant. It is clear then that the evolution of η is governed neither by r nor by rM. Following Spalding [15] who reviewed earlier studies on film-cooling systems, the present results collapse well by using a normalized distance to the slot:
On two distinct curves corresponding to the two values of S. Collapse on a unique curve (Fig. 8b) is achieved by taking into account a specific effect of S through a correcting factor in relation (1) so that the decrease of the effectiveness is given by:
Note that the exponent of S is purely empirical. These results show that the velocity ratio r is the main parameter which governs the mean development of the wall jet. The effects of density are partly taken into account by the viscosity of the injected fluid and partly by the correcting factor S 0.1 . 
3.3.3-Skin friction
The skin friction coefficient determined directly by the hot-film is approximately constant and independent of the injected gas in the far-field region. The observed value ( 004 . 0 )
in experiment 1) is in good agreement with other experiment at low Reynolds number [6] . Due to the variation of density, the corresponding friction velocity ) ) / ( (
is different for the two cases of injection. Its evolution along the wall (Fig. 10) is consistent with the variation of  u as discussed above. : Data obtained by adjustment of the mean velocity profiles measured by the interference probe on the log -law of the wall.
The shear stress fluctuations measured by the wall interference probe are tentatively corrected by using the physical length Lx instead of the static effective heat transfer length L to interpret the heat flux fluctuations. This correction gives a significant increase from 13% to 38% of the r.m.s of the measured shear stress for S = 0.16 in case 1 and brings this result closer to the accepted value in the developed turbulent boundary layer (Fig. 11 ). For S = 1.2, however , the corrected value seems less satisfactory (50%). Clearly, preliminary results need to be confirmed by further measurements. A better understanding of the physical behavior of the probe in unsteady conditions must be sought to improve accuracy of measurements. 
CONCLUSION
The present investigation demonstrates the capabilities of new thermo anemometric probes for the simultaneous measurement of U, τ and ρ in variable density flows. With the new instrumentation, developed for wall measurements, consisting of a wall aspirating probe and of a hot-wire/hotfilm interfering probes, experimental data on some properties at the wall has been obtained for the first time. In the flow studied here, characterized by a high level of density fluctuations, very consistent results have been obtained for all the measured quantities.
The present investigation shows that tangential injection of pure gases into a turbulent boundary layer of different density is characterized by a transition region which extends over a length of about 20-30 e followed by a region of developed flow. -It has been found that the flow is mainly governed by the initial velocity ratio r and to a lesser extent by the density ratio S. -The effect of density variations is small in the present experiment when r is kept constant. Low values of S increase the turbulent activity, especially in the transition region, which is consequently shorter in this case. This may be due to enhancement of large-scale coherent structures as shown by visualizations [9] and confirmed by the strong correlation between density and velocity fluctuation (Fig. 7 ).
-For x/e > 20-30, the flow tends rapidly to an asymptotic state which is almost independent of the injected gas. Injection of helium, however, gives rise to a small increase of mean and turbulent velocities near the wall. Since the friction velocity uτ obtained from the log law is also increased, the results scaled with wall variable are very close for the two cases of injection.
